INTRODUCTION 9
Historical practices starting with European settlers (e.g., overgrazing in the late 1800s, 10 selective timber harvests, and fire suppression) have transformed vast areas of forest 11 ecosystems in the western United States to the point that they have significantly departed 12 from the historical range. Significant changes in structure and function of ponderosa pine 13 and dry mixed-conifer forests have resulted in increased fire severity and size (Covington 14 and Moore 1994a, 1994b, Covington et al. 1997 ). Currently, 43 percent of the conifer 15 forests with high-frequency low-severity fire regimes are at high risk of losing key 16 ecosystem components; an additional 53 percent are at moderate risk (Schmidt et al. 17 This paper focuses on the optimization component of FIA BioSum, which jointly 1 optimizes the selection of fuel treatments for landscape-scale fire hazard reduction and 2 assignment of locations and capacities for forest bioenergy production facilities. We 3 briefly describe the FIA BioSum analytical framework, and detail the formulation 4 approach taken in the optimization component. We describe the assumptions and 5 parameters used to apply this framework to a 28-million-acre, four-ecosystem landscape 6 in central and southern Oregon and northern California. We present results on the spatial 7 distribution of facilities and their assigned capacity as compared to a potential biomass 8 accumulation gradient and the high-speed road network. We develop two groups of 9 scenarios that analyze the effects of different minimum facility capacities and the effects 10 of different assumptions regarding acres treated and required level of treatment 11 effectiveness in reducing fire hazard. We present the results of these scenarios in terms 12 of consistency in facility location and capacity, net revenue generated, merchantable 13 volume and biomass produced, area treated by treatment effectiveness level, and 14 aggregate bioenergy capacity. 15 We also include more internal specification of the forest production process, defining 1 multiple treatment options and tracking multiple outputs in addition to biomass (e.g., 2 merchantable volume, fire hazard reduction − see application to case study section of this 3 paper for details on implementation of model). 4
Objective Functions 5
The model is formulated with a set of alternative objective functions, one of which is 6 selected for solving any given scenario. The primary objective function maximizes net 7 revenue, calculated as the revenue from delivered merchantable wood and biomass less 8 treatment and haul costs, aggregated over all acres that receive treatment within the 9 analysis region. We also formulate objective functions that maximize area-weighted 10 torching (or crowning) index improvement, biomass production, and acres treated. 11
Harvest Decision and Accounting Variables 12
The model uses a single-period harvest selection formulation, where each harvest 13 decision variable represents the assignment of acres to a plot-prescription combination, 14 where plots are conceptually analogous to stand or land type in the optimization literature 15 on forest planning. Restriction on available land base (area constraints) takes the 16 The coefficient, c lj , equals the per acre contribution of the plot-treatment variable to the 3 output being tracked. Production accounting variables (var) include net revenue, 4 merchantable volume, delivered biomass, change in area-weighted torching and crowning 5 indices, and area treated. We also generate accounting variables that define groups of the 6 plot-treatment variables that meet a certain criterion; in these cases the coefficient, c lj , 7 equals 0 or 1. These variables allow constraining by groups of plot-treatment variables, 8 and include groups defined by treatment effectiveness, ownership class, and treatment 9 diameter limits. 10
Forest Bioenergy Production Facility Formulation 11
The selection of facility location and capacity uses a mixed-integer approach, with binary 12 facility selection variables for location and binary pricing variables to account for 13 increased efficiency of larger facilities. The key components of this portion of the 14 formulation include: biomass transfer (from plot to biomass facility), biomass feedstock 15 accumulation, biomass facility selection, and biomass pricing equations. 16
Equation 3 states that sum of the biomass produced by all treatments for a given plot 3 must be shipped to a facility or burned on site by using an air-curtain destructor. The 4 coefficient b lj equals the per acre biomass produced by a plot-treatment decision, and the 5 expression, ∑ b lj x lj , represents the total biomass produced on a given plot. This quantity 6 must equal the sum of the amounts in the biomass transfers variables, B lk , and the air-7 curtain destructor variable, AD l . The biomass transfer variables, B lk , track biomass 8 shipped from plot l to facility k, and are necessary for assigning haul costs, which are plot 9 to facility specific. Each plot can only deliver to a subset of facilities, k∈{k | h lk ≤ HL}, 10 defined by an upper limit on the haul cost, where haul cost from plot l to facility k, h lk , is 11 less than the specified limit, HL. Equation 4 requires that the amount shipped from all 12 plots to facility k, ∑ B lk , equals the facility's received biomass feedstock, P k . 13
Forest bioenergy facility selections equations 14
We model the forest bioenergy facility selection as a decision to build a facility if there is 15 sufficient biomass supply for an assumed life at a minimum electrical generating 16 capacity. If a potential facility location reaches the minimum supply threshold, the site is 17 selected, and the facility can take on any capacity above the minimum and below a 18 specified maximum. The facility selection uses a standard dichotomous (either-or)
Where P k equals biomass delivered to facility k, IP k is a binary variable (0,1 integer) 3 indicating if a facility k receives sufficient biomass to be built (IP k equals 1 if delivered 4 weight exceeds lower supply threshold, PL), and PU equals the upper limit for facility k. 5
If the binary variable equals 0, equations 5 and 6 ensure that the delivered biomass equals 6 zero (i.e., reduces to 0 ≥ P k ≥ 0). Equation 5 allows the binary variable to equal 1 only if 7 delivered biomass exceeds the lower threshold. Together, the equations force delivered 8 biomass to equal zero or to fall between the lower and upper capacity limits. 9
Biomass pricing equations 10
Because we do not model the internal details of energy production in forest bioenergy 11 facilities, we address scale efficiencies through prices for delivered biomass. Increased 12 efficiency in larger facilities allows those facilities to pay a higher per-unit delivered 13 price. This situation differs from standard demand function situations, because in this 14 case, when a facility exceeds a given capacity threshold, the price paid for all (not the 15 marginal) delivered material changes. Because facility capacity is an endogenous 16 variable, we use a variation on the conditional constraint technique to change the per-unit 17 delivered price based on facility capacity. 18 portion of the total landscape and includes measurements of tree attributes such as 6 diameter, height, crown ratio, and species. This plot set was culled to remove plots that 7
were observed on the ground to be nonforest or were located in designated wilderness, 8 natural areas, parks, preserves, monuments, national recreation areas, national wildlife 9 refuges, or inventoried roadless areas. We also omitted plots on steep (> 40 percent) 10 slopes that were too far from transportation networks for technically feasible harvest 11 systems. Finally, we omitted plots containing no trees over 5 inches in diameter. These 12 reductions resulted in a set of 4686 plots that represents about 14. in consultation with fire and fuel specialists and applied to all plots for which they were 1 valid. Five of the treatments focused on density reduction to thwart propagation of crown 2 fires, and involved thinning proportionately across all diameter classes to a target residual 3 basal area, with 70 percent of the harvested basal area removed from trees 5.5 to 14.5 4 inches in diameter at a height of 4.5 feet (dbh). The other four focused on ladder fuels 5 reduction to reduce risk of crown fire initiation, and involved thinning from below (trees 6 > 5.5 inches dbh) to a target residual basal area. These four treatments had a range of 7 residual basal area targets (60 to 125 ft 2 /ac) and maximum acceptable diameters for cut 8 trees (10 in. to no limit). If the maximum diameter limit was reached before the target 9 residual basal area, then the latter was not achieved. Because the most aggressive 10 treatment had a residual basal area of 60 ft 2 /ac, plots with less basal area would be 11 ineligible for treatment and were excluded from the analysis. In addition, plot treatment 12 combinations that generated less than 300 ft 3 /ac of total volume (biomass and 13 merchantable combined) were deemed unrealistic and discarded; for some plots, no 14 treatment cleared this hurdle and these plots were excluded. 15
We assumed whole-tree logging systems for slopes ≤ 40 percent and cable systems on 16 slopes > 40 percent. We defined merchantable material as stems of softwood trees > 7.0 17 in. dbh to a 5 in. top, and biomass as trees brought to the loading area that were 3.5 to 7.0 18 in. dbh, the limbs and tops of merchantable trees, and all harvested hardwoods. Trees 19 less than 3.5 in. were assumed to be cut and scattered, and trees 3.5 to 5.5 in. dbh were 20 cut and scattered on slopes > 40 percent and cut and brought to the loading area on slopes 21 < 40 percent. 22
Because this analysis targets fuel treatments that reduce the stand-replacing fire hazard, 1 we only included treatments that effectively achieved this goal. Increasing either the 2 torching index (TI), the wind speed to initiate torching, or the crowning index (CI), the 3 wind speed that sustains crown spread, will reduce fire hazard. We defined a We defined moderately effective treatments by relaxing the second set of conditions to: 19 treatment is CI effective and TI does not decrease by more than 10 mph. After discarding 20 plots with no moderately or highly effective treatments, 2396 plots remained, 21 representing 8.1 million acres that could be treated with moderate effectiveness; 4.1 22 million of these acres were amenable to highly effective treatments. 23
Potential forest bioenergy facility locations and haul cost 1
We systematically located 221 potential forest bioenergy production facility sites on a 2 20x20-km grid, with minor offsets to ensure that all sites were on private land. We 3 combined, edge-matched, and cleaned GIS road layers from various government agencies 4 to produce a study-area-wide GIS road coverage with each road segment assigned a rated 5 travel speed. Speeds were converted to unit costs (i.e., cost per mile per ton of material 6 hauled) by using current cost data for operating logging and chip trucks and travel times 7 per road segment. For each potential site, a cost accumulation grid was generated in 8
Arc/Info, and spatially joined (via overlay) to the plot grid to provide haul cost to that site 9 from every plot in the study area. We assumed that merchantable material would be 10 delivered to the 86 existing wood processing facilities in the study area, and unit haul 11 costs for merchantable material were exogenously assigned for each plot as the average 12 haul cost to the three facilities with the lowest haul cost. 13
Optimization model specifications 14
We included all plot-treatment combinations that achieved moderately effective fire 15 hazard reduction, resulting in 11,627 plot-treatment decision variables. Haul-cost limits 16 were set at 36 US$/green ton (gton) to allow for relatively large biomass supply areas. 17
Each of the 221 potential sites could collect biomass from an average of 2163 plots. 18
Each of the 2396 plots could deliver to an average of 205 potential sites. This approach 19 resulted in 490,970 biomass transfer columns, the largest component of the optimization 20 model. We based facilities' biomass requirements on conventional stoker/steam turbine 21 systems (Badger 2002) . We calculated the minimum biomass supply needed to select apotential facility site based on a 10-year operating life and a standard operating level of 1 300 days per year (e.g., a 20 MW facility requires 2,457,000 green tons of biomass). We 2 effectively set no upper limit on facility capacity, by setting the upper limit in the site-3 selection equation (eq. 6) to an arbitrarily high constant. To reflect efficiency differences 4 by facility capacity (Badger 2002), we specified three price levels defined by price breaks 5 at 7.5 and 15 MW. Prices were set at 9, 13, and 18 US$/gton for facilities capable of 6 producing ≤ 7.5MW, between 7.5 and 15 MW, and ≥ 15 MW, respectively. The pricing 7 structure is used to explore the tradeoff between less efficient facilities and lower 8 transportation cost achieved by locating a greater number of smaller facilities closer to 9 the biomass. We based the pricing structure on current delivered prices in California 10 We first examined facility assignment to potential sites under the smallest minimum 2 facility capacity constraint (5 MW); this scenario maximized net revenue and placed no 3 restrictions on plot-treatment combinations that could be selected. We compared the 4 solution to a potential biomass accumulation gradient and high-speed road network to 5 confirm the logic of facility assignments. We also used this model as the starting point 6 for sensitivity analysis on the price structure for delivered biomass. We then developed 7 two groups of scenarios to assess robustness of facility assignments and to evaluate 8 potential for net revenue, merchantable and biomass production, acres treated by 9 effectiveness level, and total bioenergy capacity. Each scenario's solution represents the 10 optimal solution for a unique set of constraints. 11
In the first group of scenarios, we varied the minimum-capacity constraint, requiring a 12 minimum biomass supply for 15, 20, 40, and 60 MW capacities before a facility could be 13 assigned to a potential site (scenarios 15MWMin, 20MWMin, 40MWMin, and 14 60MWMin). These four scenarios produced information on consistency of facility 15 assignment and sensitivity of outputs (e.g., net revenue, production, and acres treated) to 16 changes in minimum capacity. In the second group, we examined the impacts of 17 alternative policies with respect to treatment effectiveness and whether or not treatment is 18 required on all treatable acres without regard to cost. We generated these scenarios by 19 combining two sets of policies: the first set allowed any acres to be treated vs. requiring 20 all acres to be treated; the second allowed selection of moderately or highly effective 21 treatments vs. only highly effective treatments. The resulting four scenarios: any-mod+,all-mod+, any-high, and all-high enabled analysis of effects on outputs (e.g., net revenue) 1 and provided additional information on the consistency of facility assignments. 2
Results 3
Initial solution and price sensitivity analysis 4
The initial model maximized net revenue with a 5 MW minimum capacity constraint, and 5 no restriction on which plot-treatment combinations could be selected. Figure 2 shows a 6 side-by-side comparison of (1) the assigned facility locations and capacities and high-7 speed road network, and (2) a potential biomass accumulation gradient. The 8 accumulation gradient represents, at each point, the potential amount of biomass that 9 could be collected to that point given a specified haul-cost limit. Facility assignments are 10 consistent with the accumulation gradient and density of high-speed (low haul cost) 11 roads. Assigned facilities are concentrated in areas with higher biomass accumulation 12 potentials, with high-capacity facilities assigned in areas with only one high-speed road 13 and low-capacity facilities more numerous in areas with high densities of high-speed 14
roads. 15
Of the 41 selected sites, 21 were assigned facilities with a capacity of 15 MW, and only 6 16 were assigned facilities with capacity ≥ 20 MW, with the largest at 33 MW. The 15 MW 17 capacity corresponds to the second price-break threshold, indicating that the price penalty 18 for lower efficiency made the selection of small capacity (< 15 MW) financially unsound. 19
Additional simulations with alternative integer pricing structures revealed that low-20 capacity facilities are only assigned when the price breaks are set at 15, 17, and 18
In this case, only 6 facilities out of 46 were selected at the 7.5 MW size. Facilities less 1 than 7.5 MW were only selected when there was no price difference between capacities 2 of 5 and 15 MW (i.e., a single price break at 15MW with a price of 17 US$/gton for less 3 efficient facilities). This result suggests that unless smaller capacity facilities achieve 94 4 percent of the efficiency of larger capacity facilities, they do not represent a viable 5 alternative. 6
Minimum facility capacity scenarios 7
We evaluated consistency in facility locations by simulating minimum capacity 8 constraints of 15, 20, 40, and 60 MW (scenarios 15MWMin, 20MWMin, 40MWMin, and 9 60MWMin in figure 3 ). All scenarios maximized net revenues and had no restrictions on 10 plot-treatment combinations that could be selected. Note that the 15MWMin scenario's 11 solution matches the initial model owing to the effects of pricing structure discussed 12 above. Across the first three scenarios, increases in the minimum capacity decreased the showed a significant shift (#109). The fourth scenario, (60MWMin), showed greater 22 shifts in facility assignments. Whereas 80 percent of this scenario's facility site 23 assignments were also assigned in scenario 15MWMin, only 50 and 20 percent were 1 assigned in scenarios 20MWMin and 40MWMin, respectively. Some facilities in the 2 60MW scenario were assigned quite different capacities and locations. For example, the 3 78MW facility at site 68 represents a large shift in location and an increase in capacity 4 relative to the other scenarios. 5
In all four minimum-capacity scenarios, the solutions assigned the majority of facilities to 6 minimum capacity. The 15, 20, 40 and 60MWMin scenarios assigned 66, 74, 94, and 80 7 percent of selected sites to minimum capacity, respectively. These results indicate that, 8
for the majority of the study area, haul costs limit the area of biomass collection. In other 9 places, biomass concentration influences the delineation of collection areas, as indicated 10 by the elimination of sites along the eastern boundary of the study area as the required 11 minimum capacity was increased. This area has the lowest concentration of available 12 biomass, and can only support smaller capacity facilities. 13
Production, treatment area, and net revenue varied little across the minimum-capacity 14 scenarios (table 2) . In all scenarios, the majority of net revenue derives from the sale of 15 merchantable wood (reported in the table as merchantable net revenue). The change in 16 minimum capacity had little effect on merchantable volume and merchantable net 17 revenue, accounting for the small variation in net revenue. As the minimum-capacity 18 constraint was increased, net revenue from biomass decreased. Comparing the lowest 19 minimum capacity scenario (15MWMin) to the highest (60MWMin), biomass net 20 revenue decreased by 22 percent, accounting for the 2 percent drop in overall net 21 revenue. Although biomass revenues decreased by 22 percent, delivered biomass only 22 decreased by 4 percent, resulting in a 5-percent decrease in bioenergy capacity. The 23 uniformity in delivered biomass across all four scenarios occurred, in part, because an 1 increase in minimum facility capacity increased the optimal level of biomass to be 2 processed (and produced) in sub-areas. For example, in the northern part of the study 3 area (see figure 3) , the 15MWMin and 20MWMin scenarios assigned four and three 4 facilities with an overall bioenergy capacity of 69 and 64 MW. The 40MWMin and 5 60MWMin scenarios assigned two and one facilities, with the overall capacity of 80 and 6 85 MW. This result supports the concept that the joint-optimization provides a more 7 accurate representation of constraint effects. As minimum facility capacity increased, 8 choices of plot-treatment combinations were changed to maintain the highest net revenue 9 by redefining optimal biomass collection areas. All four scenarios delivered all harvested 10 biomass to forest bioenergy production facilities; none was eliminated by air-curtain 11 destruction. 12
Policy scenarios 13
We developed four scenarios (any-mod+, all-mod+, any-high, all-high) to assess the 14 impacts of alternative policies with respect to treatment effectiveness (moderate or high 15 versus high effectiveness) and to whether or not all treatable acres are treated without 16 regard to cost (any versus all acres treated). These scenarios also maximized net revenue, 17 and used a 20 MW minimum-capacity constraint (using other minimum-capacity 18 constraints produced similar results). The any-mod+ scenario represented the least 19 constrained model in terms of treated acres and prescription choices, and achieved the 20 highest net revenue (table 3) . A policy requiring the treatment of all acres (scenario all-21 mod+) reduced net revenue by 26 percent (from 8.94 to 6.65 billion US$). This decline 22 occurred because acres that have only negatively valued plot-treatment choices were 23 forced into solution (i.e., some acres can only be treated at a cost). The requirement to 1 treat all acres caused merchantable volume to increase by 14 percent, but merchantable 2 net revenue decreased by 39 percent (because all harvest costs are deducted from the 3 merchantable gross revenue). Delivered biomass increased by 49 percent (83.21 to 4 123.87 million green tons). Additional facilities were assigned to process the biomass 5 (all harvested biomass was used by facilities), but this utilization only partially offset the 6 costs. The policy required treatment of 8.12 million acres, with 3.21 million receiving 7 highly effective treatments. The policy also provided the largest bioenergy capacity, 8 1009 MW. 9
A policy restricting harvest to highly effective treatments and not requiring the treatment 10 of all treatable acres (scenario any-high) significantly reduced the acres treated. Only 11 2.84 of the 4.05 million acres that have one or more highly effective prescriptions, were 12 selected for treatment. Net revenue declined by 20 percent (8.94 to 7.15 billion US$), 13 primarily owing to decreases in merchantable harvest relative to the any-mod+ scenario. 14 Delivered biomass decreased by 27 percent, resulting in a 25 percent decrease in 15 bioenergy capacity (661 to 496 MW). Scenario all-high, which required highly effective 16 treatment of all acres that had at least one highly effective treatment, achieved the lowest 17 net revenue, owing to reductions in merchantable volume and the inclusion of acres 18 where costs exceed revenues. However, this policy resulted in approximately the same 19 amount of treated acres, delivered biomass, and bioenergy capacity as in the least 20 constrained model. The policy also resulted in the greatest area allocated to highly
The effect of these policy scenarios on the consistency of facility assignments (number, 1 location, and capacity) was analogous to the effects found in the minimum-capacity 2 scenarios. As in the capacity scenarios, three of the policy scenarios (any-mod+, all-3 mod+, any-high) assigned the majority of facilities, approximately 70 percent, to 4 minimum capacity. The all-high scenario assigned only 57 percent of facilities to 5 minimum capacity. This scenario was the most constrained in terms of treated acres and 6 prescription choices, with many acres (21 percent) having only one highly effective 7 treatment option. This scenario eliminated some of the flexibility in the joint-8 optimization approach; for part of the study area, the decision space was reduced to the 9 optimization of facility assignments given a fixed amount of biomass. In the policy 10 scenarios, the number of facilities changed with acres treated, rather than with minimum 11 capacity. As acres treated decreased, the number of facilities decreased, with little 12 change in their spatial distribution. When compared to the policy scenario with the most 13 facilities (all-mod+), 63 to 83 percent of facilities assigned in the other policy scenarios 14 were also assigned in the all-mod+ scenario. In addition, the distribution of facilities was 15 consistent across policy and minimum-capacity scenarios. For example, of the 41 facility 16 assignments in the 15MWmin capacity scenario and the 47 facility assignments in the all-17 mod+ policy scenario, 34 sites were common to both. 18
Discussion 19
The application of FIA BioSum to the four-ecosection study area in central Oregon and 20 northern California indicates that landscape-scale treatments can provide sufficient 21 biomass to support significant capacity in bioenergy facilities. If built, forest bioenergy 22 production facilities could be part of the solution to the large quantity of small-diameter 23 material generated by these treatments. Given our model assumptions, the facilities are 1 financially viable, and payments for delivered biomass could provide a small offset for 2 treatment costs. More importantly, biomass utilization would avoid onsite burning and 3 provide other social benefits (e.g., jobs, renewable energy capacity, improving air quality, 4 and reducing greenhouse gas emissions). With current pollution technology, forest 5 bioenergy production facilities meet current California air-quality standards, as indicated 6 by the 37 biomass power plants located throughout California. From a strictly financial 7 perspective, all simulated scenarios generated positive net revenue, which bodes well for 8 the viability of landscape-scale fuel treatment in this region. Even requiring treatment on 9 all 8.12 million acres for which moderately effective hazard reduction can be achieved 10 resulted in positive net revenue. This scenario could produce 124 million green tons of 11 biomass, with a bioenergy capacity to serve approximately 100,000 homes (1009 MW) 12 for ten years. 13
These results are optimistic in that we assume all acres represented in the model can, in 14 fact, be treated via the prescriptions specified in this model. Three million of these eight 15 million acres are privately owned forest. The net revenue results represent social net 16 revenue, without considering the distribution of costs and benefits. Feasibility largely 17 depends on the aggregate value of the merchantable wood recovered in these treatments 18 offsetting the aggregate treatment costs. The latter are modeled for the treatment as a 19 whole rather than modeling merchantable and biomass costs separately. In practice, 20 private owners may not choose to harvest and deliver biomass-size material (which rarely 21 pays its own way to the loading area, let alone to the processing facility), without 22 compensation for the additional costs. Cost for treating the nonmerchantable material 23 would still occur, e.g., in the form of on-site burning, but could well be lower than the 1 extraction costs accounted for by FIA BioSum. If transaction costs were negligible, 2 offsetting these extraction costs on private lands is theoretically addressable, given the 3 overall positive social net revenue anticipated with reducing fire hazard. The practicality 4 of addressing the problem depends on the transaction costs of setting up a subsidy 5 mechanism to favor the social optimum over the private optimum. With public lands, the 6 charging of all treatment costs to the merchantable harvest is not problematic, as moving 7 nonmerchantable material to a loading area has been an accepted practice on public lands 8 for many years, and contractors are accustomed to incorporating this activity into their 9 bid prices. 10
In addition, even the "any" policy scenarios selected some plot-treatment combinations 11 for which per acre net revenues are negative (i.e., merchantable and biomass revenue do 12 not cover treatment and haul costs). These acres, representing about five percent of the 13 treatment area, receive treatment because the resulting biomass production from those 14 acres justifies construction of an additional forest bioenergy production facility. The 15 additional facility lowers the haul cost for biomass delivered to that site (and possibly to 16 other facilities), making the marginal contribution to aggregate net revenue positive for 17 these negatively valued plot-treatments. This situation is analogous to the selection of 18 below-cost timber sales to offset harvest flow constraints in harvest scheduling models. 19
The selection of the negatively valued plot-treatments presents greater difficulty in 20 designing appropriate subsidies, given that the benefits accrue to the operators of the 21 forest bioenergy facilities and not to the landowners. 22
The model assumes a 10-year payback period for forest bioenergy production facilities, 1 material requirements of conventional stoker/steam turbine systems, and single-entry fuel 2 reduction treatments. We modeled the 10-year payback period by requiring a 10-year 3 supply of biomass before a facility could be assigned to a site. Changing that assumption 4 to a 20-year payback period would result in the same changes that occurred when moving 5 from a 20 to a 40 MW minimum facility capacity (i. We set unit prices for delivered biomass and unit haul costs exogenously, relying on 17 current market prices for delivered biomass and prevailing haul costs. An increase in 18 energy prices would tend to increase the value of delivered biomass, and assuming 19 competitive markets, increase the price paid by forest bioenergy production facilities. 20
However, an increase in energy prices would also, via diesel fuel prices, increase unit 21 haul costs, and indirectly affect harvest costs. Rather than trying to model the 22 complexities of such countervailing trends, we've assumed that the effects would be 23 largely neutral regarding the model's recommendations regarding treatments and plant 1 locations. Experimentation with a wide range of biomass prices in an earlier version of 2 the BioSum model that relied on heuristics rather than optimization produced only 3 modest variation in treatment selection and products generated. 4
The consistency in the spatial distribution of facility assignments across scenarios 5 suggests robustness in our finding that utilization of biomass produced in landscape-scale 6 fuel treatments can be economically viable. In general, scenarios that treated more acres 7 assigned additional facilities to new locations rather than relocating facilities that were 8 selected in scenarios that treated fewer acres. The stability of model-selected locations 9 across all scenarios indicates key attractor locations for forest bioenergy production 10 facilities. This consistency also offsets concerns raised by other assumptions, and 11 suggests the possibility of identifying key sites for initiating pilot projects (e.g., sites in 12 areas dominated by public lands and consistently in solution across scenarios). 13
CONCLUSIONS 14
The FIA BioSum framework provides a statistically representative, data-based foundation 15 for assessing the opportunities that fuel treatments can provide for expanding bioenergy 16 generation capacity. The joint-optimization approach allows for simultaneous 17 consideration of policy effects on forest outputs (e.g., net revenue) and facility 18 assignments (location and capacity). Using FIA BioSum, we estimated that the 19 application study area was capable of producing net revenue of 5.9 to 9.0 billion US$, 20 treatment of 2.8 to 8.1 million acres, biomass yield of 61 million to 124 million green 21 tons, and bioenergy capacity of 496 to 1009 MW over a 10-year period. The FIABioSum scenarios also provided information on the production potential for merchantable 1 wood products derivable from landscape-scale fuel treatments (8.4 to 12.4 billion cubic 2 feet). 3
Analysis with a range of forest bioenergy-facility capacities revealed robustness in the 4 optimal spatial distribution of bioenergy facilities. This robustness depends on the extent 5 of the transportation network relative to the sources of woody biomass and on the ability 6 to change plot-treatment combinations to define different biomass collection areas. 7
In the four-ecosection region in Oregon and California, the pricing structure analyses 8 indicate that facilities with capacities below 15 MW are not competitive unless they can 9 achieve conversion levels that are 94 percent as efficient as those achieved by larger 10 facilities. The distribution of biomass production and extensive road network allows 11 larger capacity facility assignment sufficiently closely spaced such that the savings in 12 haul costs achievable via smaller and more ubiquitous facilities are negligible relative to 13 the sacrifice in conversion efficiency. 14 Results of these optimizations do not form the basis of an optimal fuel treatment 15 program. Those responsible for decisions leading to a treatment program will need to 16 factor in the nonmarket benefits and costs of hazard reduction, the differences among 17 landowners and land management agencies with respect to resource goals unrelated to 18 fuel management, and the reluctance of investors to commit capital to constructing forest 19 bioenergy production facilities without a reasonable expectation of sufficient supply. FIA 20
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